In this paper, a multi-objective optimization model based on modified adaptive weight approach and improved teaching-learning based optimization (MAWA-ITLBO) algorithm is proposed for the solution of time-cost trade-off problems. The MAWA-ITLBO algorithm is the improved version of basic MAWA-TLBO algorithm by adding the concept of number of teachers as well as adaptive teaching factor. The effects of these parameters in TLBO are investigated in order to demonstrate the variation of the Pareto front solution. Thereby, the performance of the MAWA-ITLBO is compared to the existing methods using a wellknown 18-activity benchmark problem. A 63-activity problem is also included in computational experiments to validate the efficiency of the proposed MAWA-ITLBO. The results obtained by using the MAWA-ITLBO are compared with those obtained by using the basic MAWA-TLBO, genetic algorithm (GA), and ant colony optimization (ACO) algorithms. The obtained results demonstrate that the utilized MAWA-ITLBO is able to provide a superior set of Pareto-front solutions than that of previously proposed models.
Introduction
Considering the competitive environment in all industries, construction management is getting to be noticeably essential for the parties. And both the client and contractor look for the best economical scheduling subjected to different parameters such as time, cost and other operational resources. Project scheduling calculations are based on CPM (Critical Path Method). Each activity has a normal duration and a forced duration. Completing an activity in its forced duration needs more direct cost and resources. On the other hand, it leads to decrease project's total duration and indirect costs. The balancing between time and cost of a project is The weighted sum method (WSM) aggregates a set of objectives into a single objective by premultiplying each objective with a user-supplied weight [1] . Although the idea is simple, the challenge is determining what values of the weights to use. It depends on the importance of each objective in the context of the problem and also a scaling factor.
Gen and Cheng [2] adopted the Adaptive Weight Approach (AWA) in construction TCO (also referred to as the GC approach hereafter).This approach converts the multiobjective problem to a single-objective problem and then utilizing a single-objective optimization approach to find the satisfactory solution which is known as adaptive weighted approach (AWA). The GC approach overcomes the weakness of weights selection in the conventional sum method. Also, under the four conditions, the Modified Adaptive Weighted Approach (MAWA) is proposed by Zheng et al. [3] and the deficiencies associated with the previous approaches are likely to be minimized.
Numerous studies have focused on achieving the Pareto front for the discrete time-cost trade-off problems. Genetic algorithms [3] [4] ; and ant colony optimization [5] [6] [7] are among the metaheuristic solution procedures proposed for the Pareto front optimization of discrete time-cost trade-off problems.
In recent decades, various modern metaheuristic optimization methods including genetic algorithms, simulated annealing, particle swarm optimization, ant colony optimization, and shuffled frog leaping optimization have been applied for solving TCT problems. Thereby, in this study, TLBO algorithm is applied as an alternative for solving TCTP problems.
TLBO that was proposed by Rao et al [8] simulates the influence of a teacher on the output of learners in a class. It has emerged as one of the simple and efficient techniques for solving singleobjective benchmark problems and real life application problems in which it has been empirically shown to perform well on many optimization problems. The basic TLBO algorithm has been already modified by Rao and Patel [9] to improve its efficiency and applied it to the optimization of thermal systems by introducing the number of teachers and adaptive teaching factor. It is observed that the proposed sole MAWA-TLBO algorithm is not able to find out the optimum solutions for the 18-activity and a more complex 63-activity problems [10] . Thereby, in the present study, number of teacher and adaptive teaching factor on obtaining the Pareto-front solution is also adapted to further investigate the exploration capacity of the proposed algorithm.
Time -Cost Trade-off Problem (TCTP)
TCTP is a bi-objective problem and the balanced relationship between time and cost is called TCT Problem. During planning or in case of a delay, the project manager needs to balance the time and cost of a project to improve the overall efficiency. Therefore, TCTP is adapted to identify the set of time -cost alternatives that will provide the optimal schedule. The time of a project T can be calculated according to the following equation. 
The project duration T is calculated by using the critical path method depending on the defined activity relationships for that project. The total cost of a project consists of two parts: direct cost and indirect cost. Direct cost is determined by the sum of direct costs of all activities within a project network. On the other hand, indirect cost depends heavily upon the project duration, i.e., the longer the duration, the higher the indirect cost. The total cost of a project can be calculated by the following equation:
where C is the total cost of a project; ic is the indirect cost rate of a project.
Modified Adaptive Weight Approach (MAWA) in Multi-Objective Optimization
Weighted approach is applied to transform a multiple objective optimization problem to the optimization problem having single objective. Modified adaptive weight approach (MAWA) proposed by Zheng et al. [11] is used in this study to solve the multiobjective problem. To identify adaptive weight for each objective, MAWA benefits the information from the existing set of solutions. For MAWA, the formulations are expressed through the following four conditions where Zt max and Zt min are maximum and minimum values for the objective of project duration, respectively, in the current iteration. Similarly, Zc max and Zc min are maximum and minimum values for the objective of total direct cost, respectively, in the current iteration. vt and vc are ratio between the minimum value and difference between maximum and minimum points for the objective project duration and total direct cost, respectively. wc is weight for the objective of total direct cost, and wt is weight for the objective of time. These weights adjust itself with adaptive manner. It means that their values changes depending on the performance of the current population. According to MAWA, the following equation is evaluated to assign fitness to each solution: 8), [11] .The flowchart of the process can be seen in Fig. 1 . 
Multi-objective improved TLBO algorithm
In the basic MAWA-TLBO algorithm, the output of the students is enhanced either by a teacher or by interaction among themselves. However, in the MAWA-ITLBO algorithm, this is done by introducing more than one teacher to the students. Furthermore, teaching factor is also improved to adaptive teaching factor.
Number of teachers
In the core TLBO, there is only one teacher, who teaches the students and struggles to raise their knowledge. This portion goes through the enhancement in TLBO by offering number of teachers (NT). In this system of learning, the whole class is isolated into various groups of students as per their levels, and the individual instructor is appointed to each gathering of students. In this way, every teacher attempts to enhance the information of appointed students. The Pseudo code of this modification is given below:
Initialize the population randomly and evaluate the same. For RN = 1: Number of runs.
Rank the evaluated solutions (In ascending order for the minimization problem and in descending order for the maximization problem) Select the best solution f(X b ). This solution acts as the chief teacher (T1) of the class. Mathematically, T1 = f(X b ) Select the other teachers (Ts) based on the best solution (i.e.
(Where, ri is the random number. If the value of the right side of the above equation is not equal to any of the values of the initially evaluated population then the value closer to that is selected from the initial population). Once, the teachers are identified, distribute the learners to the teachers based on their fitness value (i.e. result) as,
Adaptive teaching factor
In TLBO, the teaching factor value (either one or two) is decided through heuristic step, which means that the learners acquire nothing or all the things taught by the teacher. However, in real practice, learners may learn in any proportion from the teacher. Therefore, teaching factor is improved to adaptive teaching factor (ATF). In the optimization algorithm a lower value of TF allows the finer search in small steps but causes slow convergence. A larger value of TF accelerates the search but it lowers the exploration capability. Considering this fact the teaching factor is modified as,
where f(X k ) is the result of any learner k associated with group 's' taking into account all the subjects at iteration i and Ts is the result of the teacher of the same group at the same iteration i. Therefore, teaching factor in ITLBO algorithm is the ratio of the result of the learner to the result of the teacher during an iteration. The teaching factor varies automatically during the search related to the result of the learner and the teacher. Thus, automatic tuning of TF improves the performance of the algorithm.
Numerical examples
To demonstrate the performance of the utilized MAWA-ITLBO model for obtaining Pareto front solutions of the TCTP, small and medium scale problems taken from the technical literature are investigated. The utilized algorithm was coded in MATLAB environment implemented on a personal computer having Intel (R) Core (TM) i3 CPU 2.40 GHz and 3GB RAM. Consecutive experimental run number is adopted as 10 for the entire instances.
Empirical example of 18-activity project with five modes
This 18-activity example problem was originally introduced by Feng et al. [4] . The network with logical relationship of FS is shown in Fig. 2 . The model project includes five construction modes (options) for some activities, and the activity relationships are presented in Table 1 with corresponding construction time and cost values. The value of $1500/day is adopted as indirect cost rate for the example.
Comparisons amongst the MAWA-ITLBO with the basic MAWA-TLBO [10] , MAWA-GA [3] , MAWA-AS [6] and MAWA-SGPU algorithms [7] are presented in Table 2 and Fig. 3 for this model project. It can be seen from Table 2 , MAWA-ITLBO based model is executed with less size of population and number of iteration than those of the MAWA-GA and MAWA-AS models. Also, it is noticeable that the MAWA-ITLBO based model offers a more optimal cost value with the same project completion time. For example, for 100 days, the cost of solution obtained by the MAWA-ITLBO is $283320 while MAWA-GA model cost is to $287720. This results in a saving of $4300 which is equivalent to 1.50% of the total cost. Although none of the existing studies achieve the optimal solutions, the proposed MAWA-ITLBO could obtain the optimal solutions for the first time in the literature. Thereby, comparing TLBO with the contemporary methods reveal that proposed TLBO is among the most suitable algorithms for providing optimal Paretofront solutions of the more complex small-scale TCTPs.
Pareto front graphical representations of the current examined problem is given in Fig. 4 . From the Fig. 4 it is clear that the global optimum solutions are achieved in the 1 th run analysis.
Empirical example of 63-activities project
To exhibit the performance of improved TLBO integrated with modified adaptive weighting approach on a construction project consisting more than 18 activities, a more comples project with 63 activities taken from the literature [12] is reinvestigated by MAWA-ITLBO. The activity-onnode diagram for the project is presented in Fig. 5 , and time-cost optional modes are given in Table 3 . The costs in Table 3 are given in US Dollars, and the durations are given in days. For the project, according to given construction modes for each activity, totally 1.4E+42 time-cost alternatives are possible. The project was investigated in two cases: in the first case (63a), the indirect cost is taken as $2300/day, while it is adopted as $3500/day in the second case (63b). The optimal solutions of 630days, $5,421,120 for 63a and 621days, $6,176,170 for 63b had been originally provided by Bettemir [12] using integer programming. Bettemir [12] utilized eight metaheuristic algorithms out of which three core algorithms and five hybrid algorithms incorporating with the non-dominating sorting approach to solve the 63-activity TCTP problem. -activity TCT problem 40  34  41  45250  39  48400  36  51200  33  54700  31  58200   41  35  37  17500  31  21200  27  26850  23  32300   42  36  44  36400  41  39750  38  42800  32  48300  30  50250 The Therefore, number of function evaluations is 48120, and the APD values are %1.998 and %0.557 respectively. It can be stated that the proposed MAWA-ITLBO model requires less the size of population and number of iteration than those of the basic MAWA-TLBO and the other models. Considering the solutions obtained it can be concluded that the proposed MAWA-ITLBO model in this study produces satisfactory results for both 63a and 63b cases. Depending up on this result, and referring on Tables 4-5, it can be stated that MAWA-ITLBO could achieve better solutions than MAWA-TLBO, MAWA-GA [13] and MAWA-PSO [13] for both 63a and 63b cases. MAWA-ITLBO model produces alternatives Pareto front solutions for the first time in the literature. Table 6 illustrates Pareto front results of ten consecutive experimental runs with corresponding average percent deviations (%APD) from the optima.
Conclusion
In this paper, a multiobjective optimization model called as MAWA-ITLBO has been proposed to optimize the total project duration and total cost simultaneously for construction project. The largest model project practiced using metaheuristic algorithms integrated with MAWA approach was the project with 18-activities. None of the previous studies could achieve the global optimal solution with modified adaptive weight approach. However, in the current study, the exploration capacity of the algorithm has improved by means of the multiteacher and adaptive teaching factor strategies and could obtain the global optimal solutions for the first time in the literature. From the results, it is clear that the applied MAWA-ITLBO algorithm is proficient of finding global optimum solutions for the small e.g. 18-activity problems. 
